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Nr-CAM is a neuronal cell adhesion molecule (CAM) belonging to the immunoglobulin superfamily that has been
implicated as a ligand for another CAM, axonin-1, in guidance of commissural axons across the floor plate in the spinal cord.
Nr-CAM also serves as a neuronal receptor for several other cell surface molecules, but its role as a ligand in neurite
outgrowth is poorly understood. We studied this problem using a chimeric Fc-fusion protein of the extracellular region of
Nr-CAM (Nr-Fc) and investigated potential neuronal receptors in the developing peripheral nervous system. A recombinant
Nr-CAM-Fc fusion protein, containing all six Ig domains and the first two fibronectin type III repeats of the extracellular
region of Nr-CAM, retains cellular and molecular binding activities of the native protein. Injection of Nr-Fc into the central
canal of the developing chick spinal cord in ovo resulted in guidance errors for commissural axons in the vicinity of the floor
plate. This effect is similar to that resulting from treatment with antibodies against axonin-1, confirming that axonin-1/
Nr-CAM interactions are important for guidance of commissural axons through a spatially and temporally restricted
Nr-CAM positive domain in the ventral spinal cord. When tested as a substrate, Nr-Fc induced robust neurite outgrowth
from dorsal root ganglion and sympathetic ganglion neurons, but it was not effective for tectal and forebrain neurons. The
peripheral but not the central neurons expressed high levels of axonin-1 both in vitro and in vivo. Moreover, antibodies
against axonin-1 inhibited Nr-Fc-induced neurite outgrowth, indicating that axonin-1 is a neuronal receptor for Nr-CAM on
these peripheral ganglion neurons. The results demonstrate a role for Nr-CAM as a ligand in axon growth by a mechanism
involving axonin-1 as a neuronal receptor and suggest that dynamic changes in Nr-CAM expression can modulate axonal
growth and guidance during development. © 1999 Academic Press
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NINTRODUCTION
During nervous system development, positive and nega-
tive cues along the axon pathway act in concert to route
axons through a complex environment to their target fields
(Tessier-Lavigne and Goodman, 1996). Neurons express
specific receptors on their growth cones to sense various
secreted, extracellular matrix-bound, as well as cell surface
ligands and thereby modulate axonal growth and guidance.
Axon surface glycoproteins belonging to the immunoglobu-
lin (Ig) superfamily are believed to play roles in neuronal
migration, axon elongation, and pathfinding (Brummendorf
and Rathjen, 1995). Most of these molecules promote neu-
rite outgrowth and can direct growth along spatially re-
1 To whom correspondence should be addressed. Fax: 212-263-
7133. E-mail: grumem01@mcrcr.med.nyu.edu.
340tricted trajectories, while others have repulsive properties
Tessier-Lavigne and Goodman, 1996). Interestingly, there
s increasing evidence that Ig superfamily CAMs can medi-
te biological functions as both ligands and receptors.
Nr-CAM (also known as Bravo) belongs to the L1 subfam-
ly of Ig CAMs which includes L1, Ng-CAM (the L1
omologue in chicken), CHL1, and neurofascin (Brummen-
orf and Rathjen, 1995; Grumet, 1997). All these proteins
onsist of six Ig-like domains, four to five fibronectin type
II (Fn III) repeats, a single transmembrane domain, and a
ytoplasmic region that can bind to the cytoskeletal protein
nkyrin (Davis and Bennett, 1994). Multiple splicing iso-
orms of Nr-CAM have been reported, but functional differ-
nces between individual isoforms are still unclear (Davis
t al., 1996; Grumet et al., 1991; Kayyem et al., 1992; Lane
t al., 1996; Wang et al., 1998). The extracellular region of
r-CAM appears to be cleaved at a furin-like cleavage site0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
s
K
u
i
1
m
c
s
c
n
e
a
t
341Axonin-1 Is a Neuronal Receptor for Nr-CAMin the third Fn III repeat and the cleaved amino-terminal
fragment of ;140 kDa lacking the transmembrane region
till associates with the membrane (Grumet et al., 1991;
ayyem et al., 1992), but the function of cleavage is
nknown. Nr-CAM is expressed on neurons and glial cells
ncluding Schwann cells and Muller cells (Grumet et al.,
991; Kayyem et al., 1992; Krushel et al., 1993; Suter et al.,
1995). It is expressed in a restricted manner during devel-
opment and its expression persists at elevated levels in
adult, in contrast to L1 and Ng-CAM that are downregu-
lated in the adult (Davis and Bennett, 1994; Krushel et al.,
1993). During chick development, Nr-CAM shows a more
restricted expression pattern than Ng-CAM and also shows
unique focal expression such as in the floor plate of the
spinal cord (Denburg et al., 1995; Krushel et al., 1993;
Stoeckli and Landmesser, 1995). Its expression has also
been shown recently outside the nervous system, i.e., in
human pancreas and adrenal gland (Wang et al., 1998).
Nr-CAM shows homophilic binding (Mauro et al., 1992)
as well as heterophilic binding to molecules including other
Ig superfamily CAMs (contactin, axonin-1, and neurofascin)
(Davis et al., 1996; Morales et al., 1993; Suter et al., 1995;
Volkmer et al., 1996), proteoglycans (neurocan and phos-
phacan) (Milev et al., 1996; Sakurai et al., 1997), and the
extracellular matrix molecule laminin (Grumet and Saku-
rai, 1996). Evidence for Nr-CAM as a receptor to promote
neurite outgrowth has been obtained from studies using
chick tectal cells grown on substrates coated with
contactin/F11 and neurofascin (Morales et al., 1993; Volk-
er et al., 1996). Nr-CAM also acts as a coreceptor with
ontactin on tectal neurons to receive neurite outgrowth
ignals from the short receptor form of RPTPb (Sakurai et
al., 1997).
Nr-CAM can also act as a ligand. In the spinal cord,
Nr-CAM is expressed in the floor plate and on commissural
fibers, and it has been implicated in guidance of these fibers
by a mechanism involving axonin-1, presumably acting as a
receptor on commissural axons (Stoeckli and Landmesser,
1995; Stoeckli et al., 1997). As a substrate in culture,
Nr-CAM has been shown to induce neurite outgrowth from
chick tectal cells using contactin as their neuronal receptor
(Volkmer et al., 1996). Nr-CAM can bind to dorsal root
ganglia (DRG) neurons and this adhesive interaction was
found to involve axonin-1 on the neuron (Suter et al., 1995),
but the functional relevance of this interaction was not
explored. We have addressed this issue here by studying the
response of various populations of neurons to Nr-CAM
applied as an Fc fusion protein. We found robust neurite
outgrowth from two populations of peripheral neurons but
only weak response from two major populations of CNS
neurons. Moreover, we showed that the responding periph-
eral neurons express axonin-1 robustly and that axonin-1
serves as a receptor for Nr-CAM-mediated neurite out-
growth. Finally, the results suggest that the amino-terminal
region of Nr-CAM that is defined by the furin-like cleavage
site is a potent promoter of neurite outgrowth for certain
neurons and may play a role in axon guidance in vivo. r
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
Construction and purification of chick Nr-Fc fusion proteins.
The EcoRI (multicloning site)–KpnI fragment of chick Nr-CAM
cDNA (Sakurai et al., 1997) containing nucleotides 1–1961 was
loned into pUC19 using EcoRI and KpnI sites. A cDNA fragment
containing nucleotides 1961–2515 of chick Nr-CAM was PCR
amplified with a modified 39 end to have a BamHI site enabling
cloning into the pUC19-chick Nr-CAM construct using the KpnI
and BamHI sites. The cDNA containing nucleotides 1–2515 which
encodes six Ig domains and two fibronectin type III repeats was cut
out by EcoRI and BamHI and cloned into a plasmid containing the
human Fc region cDNA with a BamHI site at the 59 end in pCMP1.
As a result, chick Nr-CAM cDNA was fused with the human Fc
region cDNA in frame and driven by the CMV promoter. The
sequence was confirmed by DNA sequencing. The plasmid was
cotransfected with pSV2neo plasmid (5:1 weight ratio) into 293
cells derived from human kidney epithelial cells using lipo-
fectamine reagents and opti-MEM (Gibco BRL), and clones were
selected by G418 (Gibco BRL, 0.7 mg/ml, effective concentration)
in DMEM containing 10% FCS. High expressers were screened by
immunoprecipitation from culture supernatant with protein A
beads (Zymed) followed by Western blotting with anti-human Fc
antibody conjugated with HRP (Jackson Laboratory). Typical yield
of Nr-Fc in culture media is 1–2 mg/ml. The clones were expanded
and cultured in DMEM containing 2% FCS. Pooled culture super-
natant (;600 ml) was used for the purification of Nr-Fc either by
immunoaffinity column conjugated with anti-chick monoclonal
antibody C3B (Denburg et al., 1995) or by a new method involving
protein A (Sakurai et al., 1998). Purified protein was dialyzed
against PBS.
Solid-phase protein binding assay. Binding analysis of Nr-Fc
fusion protein to purified adhesion molecules was performed as
described (Sakurai et al., 1997). Contactin-Fc (Peles et al., 1995) and
ormal human Ig (Sigma) were used as controls.
Fc fusion protein binding to DRG neurons. Cultured E9 chick
mbryo DRG neurons were established as described (Einheber et
l., 1997). Briefly, the ganglia were isolated, trypsinized, and
riturated to prepare single cells that were plated on ammoniated
FIG. 1. Model of Nr-CAM and purity of the Nr-Fc fusion protein.
(A) Schematic view of Nr-CAM and Nr-Fc fusion protein. Nr-CAM
contains six immunoglobulin-like domains (omega) and five fi-
bronectin type III repeats (rectangles). Arrow depicts the furin-like
cleavage site in the third fibronectin type III repeat. Nr-Fc contains
all six Ig-like domains and the first two fibronectin type III repeats
fused to the constant region of human immunoglobulin. Note the
disulfide linkages creating a dimer of Nr-Fc chimeras. (B) SDS–
PAGE profile of purified Nr-Fc fusion protein. Markers are indi-
cated in kilodaltons.at tail collagen- (Biomedical Technologies Inc.) coated coverslips
s of reproduction in any form reserved.
w342 Lustig, Sakurai, and GrumetFIG. 2. Molecular and cellular binding activities of Nr-Fc fusion protein. (A) Solid-phase protein binding assay. Purified proteins (50 mg/ml)
ere coated on plastic petri dishes and blocked with 1% BSA. After incubation with Fc fusion proteins (;1 mg/ml), binding of Fc fusion
proteins was detected with anti-human Fc antibody conjugated with alkaline phosphatase, followed by BCIP/NBT alkaline phosphatase
substrates (Vector). Nr-Fc binds strongly to Nr-CAM (Nr), axonin-1 (Ax-1), and Ng-CAM (Ng), while weakly to laminin (Lm) and not at allCopyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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343Axonin-1 Is a Neuronal Receptor for Nr-CAMat 4000 cells/coverslip. Neurons were grown in minimum essential
medium (Gibco BRL) supplemented with NGF (50 ng/ml) and
5-fluorodeoxyuridine/uridine (both at 1025 M) to kill dividing
nonneuronal cells. After 3 weeks in culture, neurons were washed
with L-15 medium (Gibco BRL) for 5 min and then incubated with
L-15 containing Fc fusion proteins or with normal human Ig (20
mg/ml) (Sigma) at room temperature. After 20 min incubation, the
medium was gently removed and replaced with L-15 containing
fluorescein-linked anti-human Fc (Jackson Laboratory) at 100
mg/ml for 20 min at room temperature. Coverslips were then
washed three times 5 min each in L-15 and fixed for 15 min in fresh
4% paraformaldehyde in PBS. Coverslips were mounted on glass
slides in Citifluor (Ted Pella Inc.), and Fc fusion protein binding
was visualized under a Zeiss Axiophot fluorescent microscope. For
antibody inhibition of Nr-Fc binding, binding assay was performed
as above except L-15-containing anti-axonin-1 Fab9 or normal
rabbit Fab9 fragments (200 mg/ml) were used.
Immunostaining. Embryos were removed from the egg and
taged (Hamburger and Hamilton, 1951) before fixation in 4%
araformaldehyde overnight. Embryos were cryoprotected in 30%
ucrose, mounted in Lipshaw (Shandon) on dry ice, and cryosec-
ioned (15–20 mm) on a HackerBright cryostat. Sections mounted
n gelatin-coated slides were immunostained as described (Shiga et
FIG. 3. Immunolocalization of Nr-CAM and axonin-1 in develop-
ing spinal cord. Both Nr-CAM and axonin-1 are expressed on
commissural cell axons in the E4 chick spinal cord. Nr-CAM is still
expressed on these axons through E6 when axonin-1 expression is
downregulated. Note the increase in expression of Nr-CAM in the
fibers coursing through the Nr-CAM-positive floor plate (black
arrow). White arrowheads point out the ventral regions of the
dorsal funiculus where Nr-CAM expression is enhanced. Bars, 50
mm.
to fibronectin (Fn). (B) Nr-Fc binding to DRG neurons. Chick DR
mg/ml), and bound Fc fusion proteins were clustered with anti-hum
f Nr-Fc binding by anti-axonin-1 antibodies. Chick DRG neuron
nti-axonin-1 (bottom) Fab9 fragments (200 mg/ml). Pictures were t
right) are shown to identify neurons in the fields.
Copyright © 1999 by Academic Press. All rightl., 1997). Staining of cultured cells was performed essentially as
or the tissue sections, with the exception that primary antibodies
ere diluted an additional twofold.
Fc fusion protein injection into chick embryo in ovo. In ovo
njections were performed essentially as described by Dr. E.
toeckli (Stoeckli and Landmesser, 1995). Briefly, E3 chick em-
ryos (stage 18) were accessed through a window in the egg shell. A
otal of four to five injections (0.1 ml each during the period of E3 to
E5) of antibody or purified protein were made in the central canal
of the embryo. Fab9 antibody injections were performed using Fab9
ragments concentrated to 20 mg/ml in Millipore Ultrafree-CL
entrifugal filters (Sigma). Similarly, Fc fusion proteins and control
ormal Ig were concentrated to 2 mg/ml. At E5 (stage 25) the
mbryos were removed from the egg and the lumbar spinal cord
as isolated. The roof plate of the spinal cord was cut open with
ne forceps and pinned on Sylgard- (Dow/Corning) coated dishes to
reate the open-book spinal cord preparation for DiI labeling. DiI
as allowed to diffuse for 1–2 weeks in order to label the commis-
ural cell axons. To quantitate crossing errors, fluorescence levels
f pre- and postcommissural turning fibers were compared by eye,
nd, where resolution allowed, fibers were counted. When fibers
ould not be counted, if only one or two fibers were seen turning
recommissurally, it was considered ,1%, while if the DiI-labeled
precommissural turning tract was as densely labeled as the post-
commissural turning fibers, it was counted as .20% (Stoeckli and
Landmesser, 1995).
Neurite outgrowth assay. Neurite outgrowth assays were per-
formed with slight modifications to those described (Friedlander et
al., 1994). Purified proteins were diluted to 30 mg/ml in filtered PBS
and 1 ml was coated onto sterile polystyrene petri dishes for 1.5 h in
a humidified chamber. Protein spots were removed and the dishes
were washed in PBS before blocking the dish with 1% BSA/PBS.
E8–E9 chick embryos were used to isolate peripheral ganglia and
E6 embryos were used to isolate tectal and forebrain neurons.
Following isolation of single-cell suspensions, neurons were plated
on the protein-coated dishes at a concentration of 1 3 105 cells/ml
n N3 medium (for DRG and SG cells) (Felsenfeld et al., 1994) or in
MEM/F12 ITS1 (for tectum and forebrain) (Sakurai et al., 1997).
ultures were incubated for 16–18 h in 5% (for N3) or 10% (for
MEM/F12 ITS1) CO2 atmosphere. In case of antibody inhibition
xperiments, after 1 h of culture, media were replaced with the
ame media containing 200 mg/ml antibody Fab9 fragments. Anti-
xonin-1 antibodies used were described previously (Shiga et al.,
997). The dishes were gently fixed in warm fresh 3.5% parafor-
aldehyde, 2% sucrose, 0.1% glutaraldehyde in Hanks’ buffered
aline solution (Gibco BRL) for 2 h and stored in PBS. Images of
eurons grown on the protein spots were digitized using a Scion
G-5 image-capture card linked to a Nikon Diaphot inverted
icroscope. Digitized images were set to scale and single neurite
engths for each cell body were marked by hand in NIH-Image and
easured. Data were analyzed to obtain the neuron length plot
rofile and graphed in Microsoft Excel as described (Sakurai et al.,
997).
urons were incubated with Nr-Fc or normal human Ig (nH-Ig; 20
c antibody labeled with fluorescence. Bar, 100 mm. (C) Inhibition
re incubated with Nr-Fc in the presence of normal rabbit (top) or
with the same exposure times to compare binding. DIC picturesG ne
an F
s we
akens of reproduction in any form reserved.
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To study Nr-CAM as a ligand, we prepared a recombinant
Fc fusion protein consisting of the six Ig domains and first
two Fn III repeats of Nr-CAM coupled to the constant
region of human Ig (Fig. 1A). Fc fusion proteins have been
shown to be powerful tools for analyzing protein functions
(Ashkenazi and Chamow, 1997) and the amino-terminal
region of Nr-CAM was chosen because it represents most of
the major 140-kDa fragment generated by cleavage at the
furin site (Grumet, 1997). We purified the fusion protein
from culture supernatants of 293 cells stably transfected to
produce Nr-Fc, and SDS–PAGE analysis (Fig. 1B) showed
one major protein corresponding to Nr-Fc migrating at
;180 kDa. Using this preparation, we sought to analyze the
function of the extracellular region of Nr-CAM as a ligand.
Nr-Fc Binds to Purified CAMS and to Cultured
DRG Neurons
We first tested the binding of Nr-Fc to various purified
CAMs to clarify whether the recombinant protein retains
the same binding activities as the native Nr-CAM molecule
(Grumet, 1997). Using a solid-phase binding assay, we
detected binding of the Fc fusion protein to several adhesion
molecules spotted on plastic dishes. Nr-Fc bound strongly
to axonin-1 as well as to Nr-CAM itself while less strongly
to Ng-CAM (Fig. 2A) and contactin (data not shown),
indicating that Nr-Fc has similar binding activities as
reported for the native Nr-CAM (Grumet, 1997).
A previous report suggested a role for Nr-CAM in neuron–
Schwann cell interactions and raised the possibility that
Nr-CAM could bind to neurons via axonin-1 (Suter et al.,
1995). Therefore, we analyzed the ability of Nr-Fc to bind to
TABLE 1
Proportion of Embryos Exhibiting Ipsilateral Turning Errors
Protein injected No. injected ,5% errors .20% errors
Anti-axonin-1 10 0 10
Nr-Fc 13 0 13
Normal human Ig 8 8 0
Note. Number of errors (see Fig. 3) seen in treated and control-
injected embryos in spinal cord open-book preparations. Quantita-
tion of ipsilateral turning errors was performed as described
(Stoeckli and Landmesser, 1995; Stoeckli et al., 1997).
cell axons’ guidance was observed (B) following injection of normal
human Ig (nH-Ig). Anti-axonin-1- (C) and Nr-Fc- (D and E) treated
embryos have commissural cell axons turning prematurely into the
ipsilateral ventral fiber tracts (arrowheads). Floor plate (FP) wasFIG. 4. Effect of Nr-Fc injection on axon guidance in chick spinal
cord in ovo. Open-book preparations (A) from chick embryos
injected with proteins in ovo. E5 chick embryo spinal cords were
prepared in an open-book preparation (Stoeckli and Landmesser,
1995) and the commissural cell bodies were injected with DiI (10
mg/ml); axons were labeled anterogradely for 2 weeks by incuba-
tion at room temperature. The normal pathway of the commissural visualized by phase-contrast microscopy. Bar, 100 mm.
s of reproduction in any form reserved.
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345Axonin-1 Is a Neuronal Receptor for Nr-CAMlive DRG neurons cultured in vitro. Anti-human Fc antibod-
ies were used to cluster bound Fc fusion proteins as well as to
visualize their binding to live cells in culture. Sequential
treatment with Nr-Fc and anti-human Fc conjugated with
fluorescein yielded clusters that were detected on the neuro-
nal cell surface (Fig. 2B, left). Neurons incubated with control
Fc fusion proteins or normal human Ig (Fig. 2B, right) did not
show clusters detected with the anti-human Fc antibodies.
The binding of Nr-Fc to DRG neurons was inhibited by
preincubation with Fab9 fragments of anti-axonin-1 antibodies
Fig. 2C, bottom), indicating that axonin-1 serves as a neuronal
eceptor for Nr-CAM (Fig. 2C). We also concluded that recom-
inant Nr-Fc (consisting of six Ig-like domains and two Fn III
epeats) retained binding activities similar to native Nr-CAM
n both molecular interactions and cellular interactions and
ould be used for further analysis of Nr-CAM function.
Spinal Cord Commissural Axon Guidance Is
Perturbed by Injection of Nr-Fc
In the developing spinal cord, commissural axons express
FIG. 5. DRG neurite outgrowth on Nr-CAM, Nr-Fc, and Ng-CAM
g-CAM, and Nr-CAM (30 mg/ml). Cultures were incubated for 1
icroscope. Neurite length measurements were performed as descaxonin-1 transiently (from E3 to E5) as they project axons c
Copyright © 1999 by Academic Press. All rightentrally toward the floor plate, while Nr-CAM expression
n these cells and in the floor plate persists even until E6
Fig. 3 and Dodd et al., 1988; Shiga and Oppenheim, 1991;
akurai et al., 1994). Nr-CAM has been proposed to act as a
igand in the floor plate for the guidance of commissural
xons based on perturbation experiments with anti-
xonin-1, anti-Nr-CAM, and axonin-1 protein in the devel-
ping chick spinal cord (Stoeckli and Landmesser, 1995).
ince our Nr-Fc fusion protein mimics binding activities of
r-CAM, we tested its ability to interfere with the Nr-
AM–axonin-1 interaction in vivo in this paradigm. We
njected Nr-Fc into chick embryos from E3 to E5 and
nalyzed commissural axons following DiI tracing in open-
ook preparations (Fig. 4). We observed dramatic axon
uidance errors in Nr-Fc-injected embryos (Figs. 4D and 4E).
remature turning errors in the commissural axons were
een where fibers failed to cross the midline and instead
oined the ipsilateral fascicle. Similar effects were observed
ollowing injection of anti-axonin-1 antibody (Fig. 4C) as
hown previously (Stoeckli and Landmesser, 1995). As a
ck DRG neurons were incubated on petri dishes coated with Nr-Fc,
and 203 images were digitized through a CCD camera-equipped
under Materials and Methods. Bar, 100 mm.. Chi
8 h
ribedontrol, injection of a human Ig (Fig. 4A) or normal rabbit
s of reproduction in any form reserved.
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346 Lustig, Sakurai, and GrumetFab9 fragments (not shown) did not show guidance errors.
uantitation of the frequency of errors showed that all
mbryos injected with either Nr-Fc or anti-axonin-1 anti-
odies had a high percentage of guidance errors, while few
r no errors were observed in controls (Table 1). This result
emonstrated that Nr-Fc is a potent biological agent that
an modulate molecular interactions involving Nr-CAM in
ivo and confirmed the importance of Nr-CAM in guidance
f commissural axons in the spinal cord.
Nr-Fc Induces Neurite Outgrowth from Peripheral
Ganglion Neurons
In contrast to the dramatic downregulation of axonin-1
on commissural axons, it persists at high levels in the E6
dorsal funiculus and the DRG in an overlapping pattern
with Nr-CAM (Fig. 3). This suggests potential interactions
between the CAMs in these sites in the dorsal funiculus
and the DRG. Considering that Nr-Fc can bind to DRG
neurons, we asked whether Nr-Fc itself could serve as a
FIG. 6. Neurite outgrowth activity of Nr-Fc for several neuronal p
ectum (C), and forebrain (D) were plated onto Nr-Fc- and Ng-CAM-
nd fixed, and then pictures were taken as in Fig. 5. Nr-Fc induces lo
eurons do not extend long neuritic processes compared to Ng-CAsubstrate for neurite outgrowth for DRG neurons in cul- o
Copyright © 1999 by Academic Press. All righture. As shown in Fig. 5, Nr-Fc induced neurite outgrowth
rom chick DRG neurons. Both Nr-Fc and Nr-CAM induced
ong neurites from dissociated DRG neurons when tested at
0 mg/ml (average length 5 145 6 1 mm for Nr-Fc, 84 6 9
mm for Nr-CAM). At this concentration, Nr-CAM-Fc was
more potent than native Nr-CAM, and the superior activity
of Nr-Fc may be due to increased avidity of the molecule as
a dimer. The response of DRG neurons to Nr-CAM was
roughly comparable to that seen with Ng-CAM (average
length 5 111 6 9 mm) which is a potent promoter of neurite
rowth.
Given that both Nr-CAM and Ng-CAM are structurally
elated CAMs that promote robust neurite outgrowth for
RG neurons, it was of interest to determine whether other
ypes of neurons responded to these CAMs. When cells
rom DRG, optic tectum, forebrain, and sympathetic gan-
lia were compared, we found that only some of these
eurons had a robust response to Nr-Fc (Fig. 6). DRG and
ympathetic ganglion cells extended long neurites on Nr-Fc,
hile dissociated tectal and forebrain cells had little neurite
tions. Cells prepared from chick DRG (A), sympathetic ganglia (B),
ts, Ng) coated dishes (30 mg/ml). Cultures were maintained for 18 h
urite growth from DRG and SG neurons, while tectal and forebrain
ar, 100 mm.opula
(inse
ng ne
M. Butgrowth. On the other hand, Ng-CAM induced robust
s of reproduction in any form reserved.
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347Axonin-1 Is a Neuronal Receptor for Nr-CAMneurite outgrowth from all cells tested, suggesting that
restricted neurite outgrowth is dependent on differential
responsiveness to Nr-Fc and not on neuronal preparations.
Therefore, we conclude that Nr-Fc can induce robust neu-
rite outgrowth from only certain neuronal populations and
that Ng-CAM and Nr-CAM are likely to use distinct
mechanisms to achieve this effect.
Neurite Outgrowth Promoted by Nr-Fc Is Inhibited
by Anti-Axonin-1 Antibodies
Given that Nr-CAM can bind to axonin-1, it is interesting
that neurons responsive to Nr-Fc are found in tissues that
are strongly axonin-1 positive (Figs. 3 and 7). Axonin-1 is
expressed at high levels in certain sensory neurons when
they are extending axons. Developing DRG neurons ex-
pressed axonin-1 (Figs. 3 and 7), and at E8 (Fig. 7) sympa-
thetic ganglia immunostained intensely for axonin-1 (Half-
ter et al., 1994). Nr-CAM expression is observed along a
ubset of pathways of these axonin-1-positive neurons, for
xample, in the ventral region of the dorsal funiculus where
RG neurons enter the spinal cord (Fig. 7). Moreover,
r-CAM is coexpressed with axonin-1 at high levels in the
ympathetic chain (Fig. 7). In contrast, tectal neuronal cell
odies are not axonin-1 positive and the only axonin-1-
ositive region in the optic tectum is the stratum opticum
FIG. 7. Immunolocalization of Nr-CAM and axonin-1 in E8 spinal
cord and peripheral ganglia. Both Nr-CAM (top) and axonin-1
(bottom) are expressed in the DRG (D), sympathetic chain (S), and
dorsal root entry zone in the dorsal funiculus (arrowhead). Note
that only the ventral regions of the dorsal funiculus (arrowhead)
express Nr-CAM, while the entire region expresses axonin-1. The
ventral commissure and floor plate cells (black arrow) still express
Nr-CAM. Bars, 50 mm.hich contains retinal afferents (Sakurai et al., 1994; Yama-
Copyright © 1999 by Academic Press. All rightata et al., 1995). To confirm that the expression of
xonin-1 is indeed on neuronal processes, we immuno-
tained cultured neurons from DRG, SG, tectum, and
orebrain (Fig. 8). DRG and SG neurons expressed large
mounts of axonin-1 while little to no expression was seen
n tectum and forebrain neurons in culture. In contrast, all
hese neuronal processes stained for Ng-CAM and Nr-
AM. These results suggest that neurons expressing
xonin-1 can extend neurites in response to Nr-CAM, while
eurons deficient in axonin-1 have little or no response to
r-CAM.
We therefore decided to test the involvement of axonin-1
n neurite outgrowth induced by Nr-Fc using anti-axonin-1
ntibodies. DRG and sympathetic ganglion neurite out-
rowths on Nr-Fc were inhibited by the addition of Fab9
ragments of anti-axonin-1 antibodies but unaffected by
ormal rabbit Fab9 fragments applied at the same concen-
ration (Fig. 9). Quantitative analysis of the neurite length
istributions and their averages verified that anti-axonin-1
ab9 fragments strongly inhibited neurite outgrowth of
RG (Fig. 9C) and SG (Fig. 9D) induced by Nr-CAM but did
ot diminish outgrowth induced by Ng-CAM. These results
uggest that the neurite outgrowth response of DRG and SG
eurons to Nr-CAM involves primarily axonin-1 as a recep-
or.
DISCUSSION
This study demonstrates that the amino-terminal six Ig
domains and the first two fibronectin repeats of Nr-CAM
contain all the known binding activities of the intact
protein. In this vein, we show for the first time that
Nr-CAM can act as a ligand for neurite outgrowth by a
mechanism involving axonin-1 as the neuronal receptor.
DRG and sympathetic ganglia were found to express high
levels of these proteins in developmental patterns that are
consistent with this mechanism. In the CNS, a subpopula-
tion of axonin-1-positive spinal neurons, the commissural
cells, are guided across the Nr-CAM-positive floor plate by
a mechanism involving axonin-1 and Nr-CAM. The com-
bined results suggest that the restricted Nr-CAM expres-
sion in other locations may be critical in guiding axonin-1-
positive axons and this process is regulated by dynamic
changes in Nr-CAM expression.
Nr-Fc Binding and Bioactivity of Six Extracellular
Ig Domains Plus Two Fibronectin Repeats
The Nr-Fc studied here represents the naturally occurring
major cleavage product of Nr-CAM except for half of the
third fibronectin repeat. It is therefore not surprising that
its activity is comparable to that of native Nr-CAM, except
for the fact that it was somewhat more active, possibly
because it is an Fc dimer that may bind with higher avidity.
Moreover, the results suggest that key functions of Nr-
CAM as a ligand can be attributed to its extracellular
140-kDa component.
s of reproduction in any form reserved.
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348 Lustig, Sakurai, and GrumetThe potency of Nr-Fc was demonstrated in culture and by
its ability to induce large numbers of errors in axon guid-
ance of commissural cells growing in the spinal cord in
ivo. Previous studies indicated the involvement of
xonin-1 and Nr-CAM in this process based on the use of
ntibodies and purified axonin-1 protein (Stoeckli and Land-
esser, 1995), and our study confirms this conclusion by
roviding additional evidence using the Nr-Fc protein.
toeckli et al. suggested that the floor plate possesses
rowth cone-collapsing factors as well as growth-promoting
actors (Stoeckli et al., 1997), and the action of the latter, in
particular Nr-CAM, is critical for growth across the floor
plate by interacting with axonin-1 as a growth cone recep-
tor. A simple interpretation of the perturbations produced
by anti-axonin-1 and anti-Nr-CAM antibodies or soluble
proteins is that they block interactions between axonin-1
on commissural axons and Nr-CAM in the floor plate. It is
FIG. 8. CAM expression on neurons cultured in vitro. DRG,
mmunostained with anti-Ng-CAM-, anti-Nr-CAM-, and anti-ax
raphed with equal exposure times to allow qualitative compariso
how the fibers that stained only faintly with anti-axonin-1 antiboalso possible that Nr-CAM sends signals to the commis-
Copyright © 1999 by Academic Press. All rightsural axon that influence turning after crossing the floor
plate, and addition of exogenous Nr-Fc can signal it prema-
turely. However, there is no evidence for this premature
activation insofar as there was no difference between the
effects generated by Nr-Fc and the other perturbants.
It is interesting that Nr-CAM becomes selectively
enriched in the ventral commissure during the period
that axons cross the floor plate. The commissural fibers
are weakly Nr-CAM positive before they reach the Nr-
CAM-positive floor plate, and their interaction with the
floor plate may induce Nr-CAM accumulation in this
location. Confocal microscopy showed high levels of
Nr-CAM along these fibers, but it was not clear whether
Nr-CAM was also enriched in the ventral region of the
floor plate cells (unpublished observations). It is possible
that enhanced Nr-CAM expression on fibers in the floor
plate promotes growth of the later fibers as the commis-
ectum, and forebrain neurons were cultured on coverslips and
1-specific antibodies. Fluorescence-stained neurons were photo-
relative CAM expression. DIC optics photographs are included to
Bar, 50 mm.SG, t
onin-
n ofsure expands.
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349Axonin-1 Is a Neuronal Receptor for Nr-CAM
Copyright © 1999 by Academic Press. All rightNr-CAM Can Act as a Ligand to Promote Neurite
Outgrowth
DRG neurons and sympathetic ganglion neurons respond
robustly to Nr-Fc, suggesting that Nr-CAM may induce
axonal growth of these neurons in vivo. Nr-CAM is ex-
ressed in DRG and the dorsal root entry zone where DRG
eurons enter the spinal cord in the dorsal funiculus, and it
ay support axonal elongation in these locations (Denburg
t al., 1995; Krushel et al., 1993; Shiga et al., 1997). At E8,
Nr-CAM is restricted to the ventral region of the dorsal
funiculus, whereas axonin-1 is expressed throughout the
entire region (Shiga et al., 1997; Figs. 3 and 7). The ventral
egion is composed of sensory afferents from the DRG that
ifurcate at right angles in the dorsal funiculus taking
T”-shaped projections (Denburg et al., 1995). The more
orsal regions, which are Nr-CAM negative, are composed
f afferents that pass through the Nr-CAM-enriched region
nd then bifurcate less acutely into “Y”-shaped fibers
Denburg et al., 1995; M. Lustig, unpublished observations).
t is unclear whether these two different trajectories are
elated to the function of axonin-1 or whether they reflect
istotypic differences between these two populations of
xons. Nr-CAM and axonin-1 are also prevalent in sympa-
hetic ganglia and along the sympathetic chain during
evelopment (Krushel et al., 1993; Fig. 7), suggesting that
hey may play a role in axonal outgrowth and/or fascicula-
ion in this network.
Other studies showed that purified Nr-CAM from adult
hick brain could induce neurite outgrowth from chick
ectal neurons involving contactin as a neuronal receptor
Volkmer et al., 1996). However, we did not obtain robust
eurite outgrowth from chick E6 or E9 tectal cells on native
r-CAM purified from chick E14 membranes or on chick
r-Fc. This discrepancy might be explained by differences
n splicing isoforms of Nr-CAM and/or differences in
ubstrate-coating methods.
As a ligand, Nr-CAM may also work together with other
olecules. In retina, as well as optic nerve, Nr-CAM and
xonin-1 are highly expressed (de la Rosa et al., 1990;
rumet et al., 1991; Ruegg et al., 1989; Sakurai et al., 1994),
ut we and others have not been able to obtain robust
etinal neurite outgrowth using purified Nr-CAM (Morales
FIG. 9. Effect of anti-axonin-1 antibody on neurite outgrowth
induced by Nr-Fc. DRG and sympathetic ganglion neurons were
cultured as described under Materials and Methods, in the presence
of normal rabbit Fab9 or anti-axonin-1 Fab9 fragments (200 mg/ml).
and B show pictures of DRG neurons on Nr-Fc-treated dishes
ith normal rabbit (A) or anti-axonin-1 (B) antibodies. Bar, 100 mm.
uantification of neurite lengths indicated specific inhibition by
nti-axonin-1 antibodies of Nr-Fc-mediated DRG (C, top) and
ympathetic ganglion (D) neurite outgrowth. DRG neurons grown
n Ng-CAM (C, bottom) were unaffected by anti-axonin-1 as
hown previously (Kuhn et al., 1991).s of reproduction in any form reserved.
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350 Lustig, Sakurai, and Grumetet al., 1996; our unpublished observation). However, Nr-
AM can moderately potentiate the ability of Ng-CAM to
romote retinal neurite outgrowth (Morales et al., 1996)
nd Ng-CAM may modulate the function of Nr-CAM
epending on their levels of expression.
Axonin-1 Serves as a Neuronal Receptor for Nr-
CAM-Mediated Neurite Outgrowth
In contrast to Ng-CAM, which is widely expressed on
neurons and promotes robust neurite outgrowth for many
different types of neurons, not all neurons respond to Nr-Fc.
DRG and SG neurons responded robustly while tectal and
forebrain neurons did not. Nr-CAM-responsive neurons
express high levels of axonin-1, and anti-axonin-1 antibod-
ies inhibited Nr-CAM-mediated neurite outgrowth using
DRG and SG neurons suggesting that their response is
mediated by the axonin-1 receptor. The lack of axonin-1
expression on various other neurons is consistent with their
weak axonal outgrowth responses to Nr-CAM and would
imply that modulation of axonin-1 levels on specific neu-
rons regulates their guidance by Nr-CAM in vivo.
Considering evidence that axonal growth involves signal-
ing in neurons (Kunz et al., 1996), it is likely that as a
PI-anchored molecule, axonin-1 associates with trans-
embrane coreceptors in order to create a receptor complex
o propagate Nr-CAM signals. Possible candidates for
xonin-1 coreceptors include Ng-CAM, neurofascin, and
r-CAM. Interestingly, antibodies to Ng-CAM did not
ffect the growth of DRG (Fig. 8) or SG neurons (M. Lustig,
npublished observations) on Nr-Fc, indicating that it is not
ikely to act as a coreceptor with axonin-1 for Nr-CAM
inding, although there is evidence for axonin-1 acting as a
oreceptor with Ng-CAM (Buchstaller et al., 1996). Consid-
ring that Nr-CAM can act as a ligand for different receptors
Grumet, 1997), there may be an assortment of receptor
omplexes that respond to Nr-CAM in different situations.
n addition, axonin-19s glycolipid anchor may be used to
ignal cytoplasmic proteins associated with the membrane,
uch as fyn (Kunz et al., 1996).
In summary, we have used a recombinant Nr-Fc fusion
rotein to analyze the functions of the extracellular region
f Nr-CAM and showed that it can bind to certain neurons
nd stimulate neurite outgrowth in vitro by a mechanism
nvolving axonin-1 as a neuronal receptor. The restricted
xpression of Nr-CAM and axonin-1 during development
uggests several potential locations for their interaction in
ivo (e.g., on DRG and SG neurons). In addition to the
entral midline, the visual system, and the peripheral
anglia, the early accumulation of Nr-CAM at developing
odes of Ranvier (Lambert et al., 1997) suggests a role for
he molecule in this location. The potency of Nr-Fc as a
ioactive agent opens new possibilities for the study of
r-CAM functions as both a ligand and a receptor in
ifferent locations using various bioassays in culture and in
ivo.
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